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An investigation was conducted to determine the came of
fallurea in We seventh- and tenta-s- blades of an axial-flaw
coqreJssor. t&e natural frequencfee of d.l rotor bladee were
measured ad crltlcal43peed diapam were plotted. C&eee data show
%hat the failures were possibly caused by rmonance of a first
be~ing-modevibrationexcitedbgafo~orderof~erotorBpeed
in-the i3evenfih stageda sixth order Inthe tenth stage.

Several erpeclmsntal~et-propulsionengLne8  were constructed
inwhichthe eix-stageaxkil-flowco?qgressorof  th0 enginewaa
replaced with a ten-stege ax%l-flow ccqreseor to increase thrust
output. %he other ccm~cmentsof  the enginewe333relativelyunchanged.
lhriq thrust-atand tests ccdlucted by the rumufacturer, 8everal
blade failures occurred inearlyerperzktental19-stage  comgressor8~

.

'ihe I7AC.A &ewie laboratory coduoted an iweetigationto
determine me came aTld to find, if porssible, a meam of pre-
ventingthebladefailuree  inthis engine. The firstpart of the
imeatigation consisted in statically llysasur~ the natural fre-
quenciea of each blade in the cozqpressor  ad compar5ng these fre-
quencies tith pxsible exciting forces. Fire-b beding-, second
W&in@;-, ad fir& toreional-mode frequencies were measured in aU
stages;seco~tnrsianal-ardthirdandfourthbendi~-~efre-
quencieawerede,termined  onlyintie first&age. menode shapes
of higher modes of vibration were determined in an attempt to cor-
r&ate the poeition of hi&-strese points for tie vaziom ?mdes
with thelocationofactualfailures.
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!Em apparatus used to obtain the natural frequencies of the
conqwossor  blades is shown in figure 1. 'Ilho blades, made frcm a
magnetic material, are susceptible to excitation by au electzmag-
Iletic coil. Power for the coil used for this purpose was supplied
by aqp1if'yin.g an oscillator sigml.

The coil was held near the end of the blade, perpendicular to
the blade surface, and at a distance sufficient to prevent the blade
from striking the core during; resonance. !lhe fbquency of excita-
tion was varied until high amplitudes were observed. The appearance
of a hi& amplitude indicated that resonsnco hail been obtained, and
the natural frequency of the blade was then read directly from the
oscillator dial. Firstbending-, second bending-, and first
torsional-mde  frequencies were meaeured in all stages; second
torsional- and third and fourth bending-mode frequencies were deter-
mined only in the first a-. 'lb total error involved in m&in&
the frequency measurements was leas than 2 percent.

E3.udl granules of ordinary table salt were sprinkled on a
blade vibrating at one of its natural frequencies to outline the
sand pattern of the nodes (fig. 2>. Atiolinbowand  themagnetic
coil were used to excite the blades in obtaining the node pattern.

According to the engine rmmfacturer,  blade failures had
occurred in six different engines operating within the speed rango
of 16,000 to 17,000 rpm at high pressure ratios. 'ibe exact speeds
of the various engines atthetime of failure are unlmown except
in one case in which the engine was running at 16,600 rpm. In each
case onlyonebladebrokeamd  the fracturealways occurred ineither
the seventh or tenth stage of the comgressor. The fractures occurred
3/16 to l/4 inch from the periphery of the rotor disk; fatigue had
s-ted at the point of msximm thickness on the convex aide of the
blade.

Blade failure inonlythe seventhand tenth stages of the com-
pressora definitely indicates that the failures are caused by vibra-
tory stresses inasmuch as all the blades of the sixth, seventh, and
eighth stages are the sam in shape and size except for the amunt
tdmmdframthe end oftheblade. 'Ihe ninth- and tenth-stageblades
are also simAla2 to each other except in length. IIhe engLne8 were
operated at the rated speed of 17,000 q, appro&mately 400 r-pm above

c



. HACA RMmo. E8J22 3

.

the speed at which the blades failed; hence, the failures canuot be
attributed to stress rupture caused by centrifugel force.

lliduml-mequency  I&asurezmnts

Becauseallthefailures  occurredwithinthemrrow sped -
of 16,006 to 17,ooO rpm, the blades were possibly excited at Weir
resonant point. !lBe flmdamenw nztural frequency was therefore
lllsasured far each blade; these data as well as the hi&eat, lowest,
and average frequencies observed in each stage are listed In table I.
A 20-percent variation in blade frequencies existed in any single
stage; if the rotor spins at rated weed, tie frequencies of alS
blades might approach the highest frequency in the stage because the
centrifugal'force and the thermal -ion raise the frequency by
ti&teningthebulbousbladeroot. Ilhe centrifu@ force also has
a stiffening effect on the blades, wkichincreases the frequency
fram 72 percent in the first stage to 16 percent in the tenth stage
above the static measurements. Severalblades  inthe ninthar~I
tenti stages were loose but would act like fimly clamped blades
when the c~mssor was in operation.

Second bending- and first torsional-mode vibrations were easily
excited in all skges; their frequencies were measured ti are recorded
in table II. Omly in the ei&ti stage was the frequency of tie second
bellding mcd.e higher than the frequency of tie first torsional mode.
Nb reason for this exception was determined.

Ndde Iocations

Ihe location of failure and the starting point of fatigue made
it necessary to lmow the stress patterns for all modes of vibration
fnorderto determine themodes that could cause the failure. High-
stress points sze located at positions of peatest chmge in slope of
the deflectian curve for the tibmtiug blade; the greatest slope
changes generally occur at the antinode points. In addition to the
antinode at the tip of theblades, the otherantin~es arelocated.
approximately tidway between nodes. t&e hi&-sties8  points were
estimatedframsandpatterns showninfigures 2 to 8. All of the
nodes, except the one at the root and tie one closest to the tip of
the blade, are points of zero stress. Application of this amlysis
to the sandpatternshowninfigure 4, for exam@e, indicates that a
high-stress point would be located (1) at the root, (2) about two-
thirds thedistance frcmtherootto  the nearestnodebecause the
root is fixed, not hinged, a& (3) at 801116 point between the node
nearest the root a& the tip of theblade. Law stresses occur at a
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position about one-third the distanoe from the root to the nearest
node for the third bending-mode vibration photographed. This
position -Is approximately the location of failure in the seventh
and tenth stages when distances are proportioned according to to-Ml.
blade length. Consequently, in bending vibration only the first or
second modes could cause the failures. In the torsional modes of
tibration,(figs.  3 and 5), the maximum-s-&em  areas indicated by the
node position are located at the leading and trailing edges neaz the
blade root. !Lheoretically,  the zuaximm
barisalongthemaximm

stress for an airfoil-shaped
blade thicImess provided that the ends are

permitted towarpatwill.
hmever, the

When thebladeis rigidlyrestrained,
nmxinmm-stiesaregions originate attheleadingand trail-

ingedges nesxtherootand ahif% towaxd ifhe center of the chordferther
elo~~thelength of theblade. 'Ihis conclusion waa verified by data
obtained frcm numerous resistance-wire strain e;aEes cemented nesr a
blade root in three directiona  of orientation, and by fatigue failing
several blade specimens in torsion with a pneumatic vibrator. Toreional
ties can tierefore be disregmded'because torsion would result in
fatigue starting at the leading and trailing edges rather than at the
lllguclmum blade thickness. !lSe node shapes on the blades of the seventh
and ninth stages are distorted snd the torsional modes therefore must
be considered (fig. 8). ?he significmce  of the torsi6nal modes might
be more accurately evaluated from strain-e;age data Keen duri& engine
operaticnl.

c

Critical-Speed Diagrams

The natural frequencies existing in each of the 10 skee of
the compressor rotor, plotted on semilogarithmic  grid to emphasize
the more easily excited mdes of vibration, are shown in the critical-
speed diagrams of figure 9. Be highest fkst bending-mode f’requency
corrected for the effect of centrifugal force is used for all diagrams.
Be exciting forces caused by wakes from the front-bearing-support
arme and the stator blades and the effect of the spUt cqessor case
are shown plotted against rot& speed. me intersections of the cmve8
of the natural frequencies and of those of the exciting-force frequen-
cies indicate the critical speeds at which blade vibration resonance
c&n be expected. ZMzmsections  below 14,000 rpm are Qnored because
extended operation of the engine is accomplished only at high speeds
andthelow speeds are quicklypassedwhenstmtingthe  en@ne.

A critical speed of 14,400 rpm is indicated  on figure 9(a) at a
third be+ing-mode vibraticm excited in the first-stage rotor blades
by the 22 stator blades &mediately followktg. Hi& modes of vibration
such as the third bending mode are difficult to excite and are there-
fore probably not serious.
apparent in the compressor.

lhie critical speed is the only one readily
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Within me operating range of the engine, the exciting force
required to cause a resonant vibr&tion  in the sevenw-stage  bJEdes
inthe flrstbedingmde isa~rcdm8telythefourthcwderof the
rotor speed (fig. S(g)). pie only fourth-0riLer exciting force
obviously present in the cmqressor is caused by the four srms
supporting the front mainbearing but it is doubtful that the effect
of the arms w0ul-d carry throw as far as the seventh stage. Ih
the tenth stage,~eresonantpointa9ffrstbendi~-~evib~tions
at 16,600 rpm coincides exactly with a sidh-order excitation
(fig. 9(j)). pie bJ&es are pussibly being 1llschanics3J.y  or aero-
dyrumticallyexcitedbutnoexcitingforce  of these orders couldbe
hetermined. AX. the failures reported occurred zln complete en&me
ad., aJ.4bUglla  ccmgwessorhasbeenoperatedatvarious  speedsup
to17,000rpminaslNAX=8testceU.forn#>rethan450haurs,no
failures have occurred. Sorae couplingeffectmi&tpossiblytake
place between tie turbine m the accessories ard the ccqressor
&uringcomglete en@ne operation. Operation at hi& pressure ratios
may also produce the air-flow velocities and pressure conditions
necessary to excite blade flutter.

Results of EUI investigation to deterdne the reason for faiJ.ure
ofb3ades of the semnthadtenth  cczqwessor stages SnthelO-stage
axial-flow compressor at a speed of 16,600 rpmindicated a possibility
of e~itingf~stbe~~-~evibra~ane  intie seventh-stageblades
by a fourth-order excitation of the rotative speed. Be tenth-stage
bladeswerepossiblyexcitedinthe  firstbendingmdebya sixLh-order
excitation.

Another p0ssibJ-e source of excitation was the existence of an
amo@mmic condition causing aflutter formofblade vibration.

Iewts ELi#rb Propulsion  I.&oratory,
Ektiond. Adviswy Cdttee for Aeronautics,

Cleveland, &lo.
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TABLE II - NATURAL FR?iQUENCIES  OF VARIOUS

Stage

1
2
3
4
5
6
7
8
9

10

MODES OF BLADE VIBRATION

I Natural freql snclas

bendfng
7 394
7 486
8 514
8 626

108
750
778

10 900
10 1120

E
1154
1220

bending
1940
2520
2640
3380
3780
3920
4440
5660
5420

I 5ooc

ode
First
torslonal

2820
3000
3240
3660
3900
4340
4700
5180
6160
6920
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Figurel.- Eleot~tio oooil,ampufisr,bLolwmlatoruaedto  aetmmtura1
frequenoiee of CKimpreeear blade&
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P&ure 3. 3 fdana p&tQa for f&at tcmlcal-mobs  vlbratlon on flrmt-atqa  blade. prequazloy  d ribraticm, 2820 W”h P=
aed!omI. w
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m3p- 5. - edd pattm r0r eeoond w8io1lahdb tibdiion an firet-etage  bladr. rzqmoy d vwati0n, 5940 oyolwr pee
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6 8 10
Rotor s.peed, rh~l
(a) Firat stage.

Figure 9. - CritZcal-speed diagrams for 10 stages of compressor rotor.
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I I I I I I I
4 B tl 10 I.2 14 16X103

Rotor speed, rpn
(b) Second atage.

Figure 9. - Continued. Critical-apeed diagrams for 10 stages of
aomprsssor rotor.
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8 l o 12 14 16xl0=
R o t o r  s p e e d ,  rpc4

(c) Third stage.
Figure 9. - Cent inued. Critiaal-speed  diagrams for 10 stages of

aompressor rotor.
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Rotor speed, rpn
(d) Fourth stage.

Figure 9. - Contimed. Crltiaal-speed diagrame  for 10
compressor rotor.

stages of
.
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Rotor speed, rpra
(e) Fifth stage.

Figure 9. - Continued. CrLtical-speed  dlagrama for 10 ateges of
compressor r&or.
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I f
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I I I

I I I I

Rotor speed, rpn
(f) Sixth stage.

Figure 9. - Continued. Critical-speed diagram8 for 10 stages of
aompressor rotor.
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100

Rotor speed, rgm
(g) Seventh stage.

Figure 9. - Continued. Critical-speed diagrama for 10 stages of
compressor rotor.



3 2 N A C A  R M  N o .  E8J22

Rotor speed, rpln
(h) Eighth stage.

Figure 9. - Continued. Critical-speed diagram for 10 stages of
compreaaor rotor.

.
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loo-4 6
I

10 12 14 16x10"
Rotor speed, rpm
(1) I'Tinth stage.

Figure 9. - Continued. Critfcal-speed dfagrama for 10 stages of
compressor rotor.
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Rotor speed, rgm
(3) Tenth stage.

Figure 9. - Conaluded. Critical-speed diagrams for 10 stages of
compressor rotor.
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